Introduction
There has been an ongoing debate on the origin of water on the Earth and other inner-Solar System planets [1] [2] [3] . So far, there is no consensus regarding the waterdelivery mechanism(s). The recent discovery of the comet 103P/Hartley 2 containing water that is similar in isotopic composition to that in the Earth ' role in delivering water to the Earth exogenously [4] . Morbidelli et al. [3] have shown that a significant fraction of the Earth's mass could be accreted late as a result of collisions with asteroids originating in the Main Belt. This could have resulted in water delivery, though the Os isotope ratio in the Earth's mantle imposes a constraint on asteroids as being the dominant source of the Earth's water. In contrast to the above exogenous scenarios, Drake [5] hypothesized that some of the Earth's water could be endogenous, with the delivery occurring via direct adsorption of water onto grains in the accretion disc, given that water and solid particulates coexisted in the accretion disc prior to planet formation. Specifically, it has been established that grains of olivine, pyroxenes and other refractory minerals [6] in the presence of water vapour and hydrogen made up the dust cloud around the young solar objects. The estimation of lifetime of these gases in the accretion disc varies over a wide range from 0.1 to 10 Myr [7] . Even the lowest lifetime estimates should allow sufficient time for water adsorption, and if water is adsorbed strongly onto dust grains during the early stages of accretion, then permanent water incorporation within the rocky terrestrial planets is very likely.
Towards this end, several computational investigations examining the adsorption process on forsterite (i.e. Mg-end member of olivine) surfaces have been carried out [8] [9] [10] [11] [12] and have provided the energetics of both associative [10] as well as dissociative adsorption [8, 9] of water. The obtained energetics for certain associative and dissociative adsorption geometries exceeded 1.5 eV (approx. 150 kJ mol −1 ), and, based on Muralidharan et al. [12] , it can be inferred that the adsorbed water molecules would remain stable on the grains even at conditions corresponding to early stages of accretion (i.e. high temperature and low partial pressure). Further, Elkins-Tanton [13] has demonstrated that the formation of surface oceans on the Earth should be possible, provided that the accreting building blocks contain water.
The above investigations [8] [9] [10] [11] [12] represent important milestones in establishing the possibility of adsorption as a possible water-delivery source to the Earth; still, it needs to be pointed out that these results were obtained using differing levels of theory and computational complexity. For example, previous studies [8] [9] [10] use classical simulations that invoke suitably parametrized interatomic potentials to model their systems, whereas Goumans et al. [11] rely on a combination of density functional theory (DFT) in conjunction with empirical molecular mechanics methods to study the energetics of adsorption. Further, it should be noted that the above studies used very small periodic supercells in their simulations, possibly constraining the adsorption geometries and thereby the adsorption energetics. Thus, in this work, by solely using rigorous DFT calculations and examining larger supercells, we propose to verify and extend current understanding of water adsorption on different forsterite surfaces. Both associative and dissociative water adsorption are examined; particular attention is paid to the interplay between the relative orientation of the water molecule and the surface atomic structure in addition to studying multi-molecular adsorption in greater detail than has been carried out previously, enabling a rigorous understanding of the nuances of the water-adsorption process on different forsterite surfaces.
Computational procedure
To enable the characterization of the adsorption process, we carry out computational studies based on the plane-wave DFT method using larger supercells than were used in previous investigations. The modes of adsorption (associative versus dissociative), various adsorption geometries as mediated by the different surface atoms, and adsorption energy on the (100), (001), (010) and (110) surfaces of forsterite are presented, analysed and discussed. Unless otherwise noted, our calculations have been performed using the plane-wave code Vienna Ab initio Simulation Package (VASP), v. 4.6 [14, 15] , within the framework of Kohn-Sham DFT and the generalized gradient approximation functional Perdew-Burke-Ernzerhof [16] . We have used the projected augmented wave method [15, 17] , as provided within the VASP package [18] , to treat the core-electron states of the different atoms. For magnesium, we treat the semi-core 2p electrons explicitly. A cut-off energy of 400 eV has been chosen for the plane-wave basis. In order to simulate the different surfaces, a (2 × 2 × 1) periodic supercell consisting of 112 atoms was used, with a vacuum region of 15 Å separating the periodic images of the slab, each approximately 12 Å thick. An adequately sized vacuum region prevents spurious interactions between periodic supercells. In addition, some test calculations were also performed using an 18 Å vacuum region, and no notable dependence on the vacuum region size was noticed. For each system, the bottom-layer atoms were fixed at positions corresponding to the bulk configuration, whereas all other atoms were allowed to relax. Because of the large size of the supercell, a 2 × 2 × 1 Monkhorst-Pack [19] k-points grid was used. The characteristics of all four surfaces are different and, hence, we have presented the results on all four surfaces. It should be noted that the DFT simulation parameters were chosen to ensure that the relevant parameters such as lattice constants matched those of experiments within 1 per cent [20] . The surfaces were then generated from the optimized bulk structure (a = 10.19 Å, b = 4.77 Å, c = 6.03 Å). Specifically, all surfaces reported in this study were generated as a non-polar surface, i.e. created by only allowing the cleaving Mg−O bonds while keeping the SiO 4 unit intact. The cleaved surfaces were then relaxed, with the relaxation energy of each surface given by equation (2.1),
where E sr and E sur represent the energy of the relaxed and the unrelaxed surfaces, respectively, whereas A is the corresponding surface area. The energetics of associative and dissociative adsorption of water on the relaxed forsterite surfaces were obtained from equation (2.2),
where E, E hyd and E W represent the adsorption energy, hydration energy owing to adsorption of a single water molecule and the cohesive energy of a water molecule, respectively. For the sake of simplicity, we report only the magnitude of E; larger E implies stronger adsorption. Dissociation was studied by allowing the constituents of the water molecule, namely the hydroxyl (OH) and the hydrogen atom, to adsorb on two different adsorption sites, in contrast to associative adsorption, in which the water molecule was allowed to adsorb onto 'active' surface atomic sites, while ensuring that the integrity of the water molecule was retained. The active sites for adsorption were identified based on the under-coordinated magnesium and oxygen atoms (when compared with bulk coordination) present on or close to the surface.
Results and discussion
The surface relaxation energy of the geometry-optimized (010), (100), (001) and (110) surfaces is reported in table 1. The surface relaxation energy of (100) was the lowest, whereas that of (010) was the highest among the four surfaces. It may be of note that our calculated trend for surface relaxation energies is in agreement with the previously reported [21, 22] surface energies. The optimized structures of four surfaces are shown in figure 1 .
Using the geometry-optimized structures, we next examined adsorption of a single water molecule on the different surfaces. A summary of the structural features and energetics corresponding to water adsorption is given in tables 2 and 3, respectively, whereas a more detailed case-by-case study for each surface is discussed below. Note that the energies given in table 3 correspond to strong exothermic adsorption, and, based on the work of Muralidharan et al. [12] , structural stability of the hydrated surfaces can be expected even at elevated temperatures corresponding to the accretion disc. 
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(001) (001) bond with a surface oxygen atom (O s ). The dual-site adsorption is energetically more favourable, owing to an additional hydrogen bond. Further, the Mg−O w bond lengths are similar to bulk values (table 2) , indicating the strong chemical bonding that characterizes associative adsorption. In addition, we also calculated the associative adsorption energetics of the water molecule, when solely mediated by a surface O s atom. Here, the water molecule either interacted with O s via O w or H w . For both cases, the adsorption energetics was much weaker than the single-or dual-site configurations, and hence is excluded from further consideration. Dissociation on the (100) surface was observed to be more favourable than associative adsorption; as seen from figure 2, this can be attributed to the fact that the OH binds with two neighbouring Mg atoms on the (100) surface. Other distinct characteristics of dissociation included the fact that the corresponding Mg−O w bond lengths were much smaller than the (b) Water adsorption on the (001) surface Similar to the (100) surface, both single-and dual-site adsorption were observed on the (001) surface. The number of active Mg and O s sites present on the 2 × 2 supercell surface equalled four each; O s active sites were either two-or threefold coordinated, with the twofold coordinated O s being more active owing to their relative under-coordination. The Mg−O w distance was shorter than the corresponding Mg−O w bond on the (100) surface and, when viewed in conjunction with the much larger dual-site adsorption energy for (001), it clearly demonstrates that the (001) surface is much more conducive for associative adsorption. Dissociation on the (001) surface is similar to the (100) surface, with the O w bonding to two surface Mg atoms. Unlike the (100) surface, where all surface Mg atoms were in equivalent sites, the (001) system is characterized by under-coordinated Mg atoms that vary in their distance from the surface. Thus, during dissociation, the O w creates a strained geometry around the lower Mg atom, leading to a relatively weaker dissociation energy.
(c) Water adsorption on the (010) surface
The (010) surface displayed distinct adsorption characteristics owing to the presence of two onefold coordinated O s atoms in addition to eight surface Mg atoms (figure 3) for the 2 × 2 supercell. In particular, the associative adsorption behaviour on the Mg sites was intimately linked to their relative position with respect to the onefolded O s atoms. Only single-site adsorption was observed, which occurred at surface Mg atoms away from the O s ; by contrast, for the Mg atoms near the onefold coordinated O s , spontaneous dissociation of the adsorbed water molecule was observed. It has to be noted that the Mg-mediated dissociation adsorption energy for (010) was lower (in magnitude) than that for (100), a direct consequence of the inability of the surface to completely relax owing to the interactions between O s and O w ; this also results in a larger H w −O s bond distance.
A secondary dissociative mechanism was also observed for the (010) surface, exclusively mediated by O s atoms. The OH interacts with an O s atom via the O w , whereas the H w bonds with another O s , in addition to a secondary hydrogen bond with the other O s . The O w −O s bond distance in this dissociative adsorption configuration is 1.49 Å.
(d) Water adsorption on the (110) surface
On the (110) surface, single-site associative adsorption was observed, whereas dual-site adsorption was energetically unfavourable. The energy of Mg-mediated dissociation was comparable to that for (001) and (010), with the corresponding Mg−O w bond distance being much larger than for the other surfaces.
(e) Multi-molecular adsorption
The examination of single water molecule adsorption on forsterite grains clearly demonstrates the efficacy of adsorption as a water-delivery mechanism, based on the high adsorption energies obtained. As a next step, we examined multi-molecular adsorption on the (100) surface, because this system demonstrated the largest adsorption energy among all surfaces. To characterize multimolecular adsorption, the binding energies were initially calculated for monolayer adsorption, which included up to four water molecules given that the number of O s equalled four for the 2 × 2 supercell. For both associative and dissociative monolayer adsorption, a small but systematic decrease (less than 0.04 eV molecule −1 ) in the respective adsorption energies was observed. The adsorbed monolayer (dissociated and associated, respectively) was then probed by a water molecule. Irrespective of whether the monolayer was formed via dissociation or association, the second-layer water molecule adsorbed on the underlying monolayer only via physisorption. In particular, the adsorption energy for a second-layer water molecule on the associated and dissociated monolayer was 0.46 and 0.35 eV, respectively, much smaller (in magnitude) than the monolayer adsorption energies. Interestingly, these results are consistent with recent experiments that examined water adsorption on the (100) surface of oriented olivine [23] . In this study, it was shown that the monolayer formed was primarily due to dissociative adsorption, and was very stable even at high temperatures. Further, multi-layer adsorption was very weak and readily desorbed even at a temperature as low as 140 K.
Conclusion
The adsorption energetics and geometries of water on (100), (001), (010) and (110) surfaces of forsterite were determined using rigorous DFT-based calculations. Both associative and dissociative adsorptions were individually studied, and the resultant adsorption energies correlated to strong binding. Dissociation was the preferred mode of adsorption for the (100), (010) and (110) surfaces. This work represents an important first step in accurately characterizing the chemical interactions between water-gas and forsterite grains and is central to the construction of larger temporal and spatial-scale models for the quantification of adsorption as a possible delivery mechanism of planetary water.
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